Stimulation of cardiomyocyte guanosine 3,5-cyclic monophosphate (cyclic GMP) via endothelial-derived nitric oxide (NO) is an important mechanism by which bradykinin and ACE inhibitors prevent hypertrophy. Endothelial NO dysfunction and cardiac hypertrophy are morbid features of diabetes not entirely prevented by ACE inhibitors. In cardiomyocyte/endothelial cell cocultures, bradykinin efficacy is abolished by highglucose-induced endothelial NO dysfunction. We now demonstrate that antihypertrophic actions of natriuretic peptides, which stimulate cyclic GMP independently of NO, are preserved in cardiomyocytes despite high-glucose-induced endothelial dysfunction. Further, streptozotocin-induced diabetes significantly impairs the effectiveness of acute antihypertrophic strategies in isolated rat hearts. In hearts from citrate-treated control rats, angiotensin II-stimulated [ 3 H]phenylalanine incorporation and atrial natriuretic peptide and ␤-myosin heavy chain mRNA expression were prevented by B-type natriuretic peptide (BNP), bradykinin, the ACE inhibitor ramiprilat, and the neutral endopeptidase inhibitor candoxatrilat. These antihypertrophic effects were accompanied by increased left ventricular cyclic GMP. In age-matched diabetic hearts, the antihypertrophic and cyclic GMP stimulatory actions of bradykinin, ramiprilat, and candoxatrilat were absent. However, the blunting of hypertrophic markers and accompanying increases in cyclic GMP stimulated by BNP were preserved in diabetes. Thus BNP, which increases cyclic GMP independently of NO, is an important approach to prevent growth in the diabetic myocardium, where endothelium-dependent mechanisms are compromised.
C
ardiac hypertrophy develops to maintain contractile function when cardiac workload is chronically elevated (1) , but in the longer term increases cardiovascular risk (2) . We previously demonstrated that bradykinin prevents acute myocardial hypertrophy in vitro by stimulating the release of endothelial nitric oxide (NO) (3) to elevate cardiomyocyte guanosine 3Ј,5Ј-cyclic monophosphate (cyclic GMP) (4) . This pathway also contributes to the antihypertrophic actions of ACE inhibitors (4, 5) . Endothelial NO dysfunction induced by high glucose abolishes the antihypertrophic and cyclic GMP-stimulatory effects of bradykinin in isolated cardiomyocytes (6) , and there is evidence that antihypertrophic ACE inhibitor efficacy is compromised in experimental diabetes (7) (8) (9) and diabetic patients (10) . It is therefore important to identify novel strategies to prevent growth specifically in the diabetic myocardium via mechanisms independent of endothelium.
Natriuretic peptides stimulate cyclic GMP independently of endothelial NO, by activating sarcolemmal receptors coupled to particulate guanylyl cyclase (11) . We recently reported that atrial, B-type, and C-type natriuretic peptides (ANP, BNP, and CNP, respectively) prevent isolated cardiomyocyte hypertrophy via activation of particulate guanylyl cyclase (12) . It is unknown if similar antihypertrophic natriuretic peptide effects are evident in whole hearts or if these are affected by chronically elevated glucose levels. In vivo, natriuretic peptide bioactivity is limited by neutral endopeptidase-mediated hydrolysis (13) , and inhibition of neutral endopeptidase attenuates cardiac hypertrophy and remodelling (14 -16) . Neutral endopeptidase inhibition confers additional antihypertensive (and thus antihypertrophic) benefits in diabetes, compared with ACE inhibition alone (7) . However, acute antihypertrophic actions of neutral endopeptidase inhibitors have not been evaluated in isolated diabetic myocardium. Neutral endopeptidase is markedly upregulated in heart failure (17) , and given the existence of a specific diabetic cardiomyopathy (18) , neutral endopeptidase inhibitor efficacy may also be blunted in diabetes. Our objective was to 1) determine whether high-glucoseinduced endothelial dysfunction affects antihypertrophic efficacy of the natriuretic peptides in isolated rat cardiomyocytes, 2) examine the impact of chronic diabetes on the acute antihypertrophic actions of BNP and a neutral endopeptidase inhibitor (candoxatrilat) in the whole rat heart, and 3) compare this with the protection elicited by bradykinin and an ACE inhibitor (ramiprilat).
incorporation. The lowest concentrations of BNP and candoxatrilat that reproducibly prevented angiotensin II-induced [ 3 H]phenylalanine incorporation were determined in preliminary studies; concentrations of bradykinin and ramiprilat were previously described (4) . Hearts then incorporated [
3 H]phenylalanine (0.25 Ci/ml) for a further 60 min with perfusion buffer containing 0.1% BSA and L-amino acids, as described previously (4) . At the conclusion of the perfusion protocol, left ventricular (LV) free walls were dissected into pieces, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for later biochemical assays. 3 H]phenylalanine incorporation was measured in cardiomyocytes or LV homogenates as previously described (4). Cardiomyocyte DNA content was determined using PicoGreen fluorimetric reagent (Molecular Probes, Eugene, OR). Total LV protein was quantified by Lowry assay. [ 3 H]phenylalanine incorporation was normalized to nanograms DNA per sample in cardiomyocytes (to correct for cell number) (6) or to milligrams protein content in LV samples. ANP and ␤-MHC mRNA expression. Total RNA was extracted from LV tissue using RNAWiz (Ambion, TX) and reverse transcribed using TaqMan reverse transcription reagents (Applied Biosystems). ANP and ␤-MHC mRNA expression levels were quantified by real-time PCR using the ⌬⌬C t method (12, 22) , relative to the internal standard 18S ribosomal RNA. Primers and fluorogenic probes were designed from rat-specific sequences published on GenBank at previously determined optimal concentrations (Table 1) . Probes were 5Ј-labeled with the reporter dyes FAM (ANP, ␤-MHC) or VIC (18S) and 3Ј-labeled with the quencher molecules TAMRA or MGBNF2. Reactions were performed in the ABI Prism 7700 sequence detection system (Applied Biosystems) (12) . LV cyclic GMP content. Cyclic GMP was diethyl ether-extracted from LV homogenate (4) and resuspended in sodium acetate buffer (0.05 mol/l, pH 6.2) before 125 I-cyclic GMP radioimmunoassay (NEN DuPont). Statistical analysis. Cardiomyocyte treatment groups were studied at least in triplicate, and the averaged result was taken as n ϭ 1 for each experiment from a total of six myocyte preparations. [ 3 H]phenylalanine incorporation per nanogram DNA was expressed as percent paired control, mean Ϯ SE. Statistical comparisons utilized two-way ANOVA or paired t test as indicated; Bonferroni correction for multiple comparisons was applied where appropriate. Isolated hearts were perfused in series of 10 -12 hearts, each including at least one negative (vehicle) and one positive hypertrophic control (angiotensin II). Results were normalized to the mean vehicle result of that series for both control and diabetic groups. Statistical comparisons between treatment groups used one-way ANOVA on ranks with Dunn's method for multiple comparison. Effects of diabetes or angiotensin II alone were compared with controls using unpaired Student's t test. Data are presented as mean Ϯ SE from one-way ANOVA. P Ͻ 0.05 was accepted as significant.
RESULTS

Natriuretic peptide effects in cultured cells.
We have previously demonstrated that cardiomyocyte protein synthesis is increased (by ϳ25%) on coculture with highglucose-treated endothelial cells. Furthermore, angiotensin II elicits a 30 -35% increase in cardiomyocyte protein synthesis, regardless of the presence or the absence of endothelial cells or whether the endothelial cells have been incubated in high-glucose conditions (6) . Similar results are observed with phenylephrine (19) . In the present study, angiotensin II increased [ 3 H]phenylalanine incorporation to 134 Ϯ 2% of control (n ϭ 6, P Ͻ 0.001) in cardiomyocytes cocultured with high-glucose-treated endothelial cells (Fig. 1 ). This was prevented by ANP, BNP, CNP, and the cyclic GMP analog 8-bromo-cyclic GMP (all n ϭ 6, P Ͻ 0.001 vs. angiotensin II). Subsequent studies in isolated hearts utilized BNP. Baseline parameters in diabetes. Plasma glucose was significantly increased to 36.0 Ϯ 0.8 mmol/l (P Ͻ 0.001, t test) in 8-week diabetic rats compared with 12.5 Ϯ 0.6 mmol/l in control animals (n ϭ 41). Absolute heart weights were not different (1.5 Ϯ 0.1 vs. 1.6 Ϯ 0.1 g in diabetic versus control rats, respectively, NS). Body weight gain was slower in diabetic rats (final body weight 357 Ϯ 9 g, P Ͻ 0.001) compared with controls (502 Ϯ 7 g); thus, diabetic heart-to-body weight ratios were greater, 4.2 Ϯ 0.1 g/kg, (P Ͻ 0.001) compared with 3.3 Ϯ 0.1 g/kg. In the isolated hearts (perfused with buffer alone), heart rate tended to be higher in the diabetic group, 188 Ϯ 6 bpm (n ϭ 20, P ϭ 0.06) compared with 176 Ϯ 6 bpm in control hearts (n ϭ 23). Heart rate was not significantly altered by any of the drug treatment protocols (range 160 -210 bpm; data not shown). Coronary flow during perfusion with vehicle was not different between control (10.6 Ϯ 0.5 ml/min, n ϭ 23) and diabetic hearts (10.3 Ϯ 0.4 ml/min, n ϭ 18). Coronary flow was increased transiently (before the addition of angiotensin II) by bradykinin in control hearts (to 12.6 Ϯ 1.2 ml/min, n ϭ 5, P Ͻ 0.05 vs. vehicle), and by BNP in diabetic hearts (to 12.0 Ϯ 0.8 ml/min, n ϭ 4, P Ͻ 0.05 vs. vehicle). Addition of angiotensin II restored flow to resting levels. Angiotensin II alone or in combination with other drug treatments did not alter coronary flow (data not shown). Observed influences on hypertrophic markers were thus attributed to a pharmacological action of drug treatments rather than being secondary to a vasoactive effect.
LV [
3 H]phenylalanine incorporation. In control hearts, angiotensin II stimulated LV [ 3 H]phenylalanine incorporation to 170 Ϯ 7% (n ϭ 14, P Ͻ 0.001) of vehicle alone (n ϭ 15) (Fig. 2A) . This was prevented by bradykinin (n ϭ 9, P Ͻ 0.001 vs. angiotensin II), ramiprilat (n ϭ 8, P Ͻ 0.005 vs. angiotensin II), BNP (n ϭ 9, P Ͻ 0.001 vs. angiotensin II), and candoxatrilat (n ϭ 9, P Ͻ 0.01 vs. angiotensin II). Diabetes increased basal (perfusion with vehicle) LV [ 3 H]phenylalanine incorporation to 143 Ϯ 10% of agematched controls (n ϭ 15, P Ͻ 0.001) (Fig. 2 inset) . Addition of angiotensin II further increased [
3 H]phenylalanine incorporation to 137 Ϯ 8% of the diabetic vehicle (n ϭ 15, P Ͻ 0.001) (Fig. 2B ). This hypertrophic response was abolished by BNP (n ϭ 10, P Ͻ 0.005 vs. angiotensin II) but not by bradykinin (n ϭ 10), ramiprilat (n ϭ 10), or candoxatrilat (n ϭ 9). ANP and ␤-MHC mRNA expression. In control hearts, angiotensin II increased ANP mRNA expression by 4.4 Ϯ 1.2-fold compared with vehicle (n ϭ 8, P Ͻ 0.05) (Fig. 3A) . This was prevented by bradykinin or ramiprilat (both n ϭ 7, P Ͻ 0.05 vs. angiotensin II), by BNP (n ϭ 7, P Ͻ 0.001 vs. angiotensin II), and by candoxatrilat (n ϭ 9, P Ͻ 0.05 vs. angiotensin II). In diabetic hearts, basal expression levels of ANP (n ϭ 12) were approximately threefold greater compared with control hearts (P Ͻ 0.05) (Fig. 3 inset) . Addition of angiotensin II increased ANP mRNA further (to 2.9 Ϯ 0.7-fold of vehicle, n ϭ 11, P Ͻ 0.05); this was not significantly modulated by any of the treatments (Fig. 3B) . Although BNP tended to reduce ANP mRNA to baseline, this trend was not significant when corrected for multiple comparisons (P ϭ 0.16).
Angiotensin II-stimulated ␤-MHC mRNA expression (to 3.3 Ϯ 0.3-fold, n ϭ 8, P Ͻ 0.001) (Fig. 4A) was also abolished by bradykinin (n ϭ 7), ramiprilat (n ϭ 6), BNP (n ϭ 7), and candoxatrilat (n ϭ 8, all P Ͻ 0.05 vs. angiotensin II) in control hearts. Basal expression levels of ␤-MHC mRNA (n ϭ 9) were approximately threefold greater in control hearts (P Ͻ 0.05) (Fig. 4 inset) than diabetic hearts. However, angiotensin II induced no further acute increase in ␤-MHC mRNA expression above the diabetic baseline (n ϭ 9) (Fig. 4B) . BNP tended to reduce ␤-MHC mRNA expression in diabetic hearts, although this trend was again not significant (P ϭ 0.3, n ϭ 6) (Fig. 4B) . ␤-MHC mRNA expression in diabetic hearts was not modulated by any of the drug treatments (all n ϭ 6). LV cyclic GMP content. Angiotensin II alone did not influence cyclic GMP in hearts from control or diabetic rats (n ϭ 9, NS versus vehicle) (Fig. 4) . In control hearts, addition of bradykinin, BNP, or candoxatrilat increased cyclic GMP to 155 Ϯ 14% (n ϭ 9, P Ͻ 0.001 vs. angiotensin II alone), 150 Ϯ 10% (n ϭ 9, P Ͻ 0.005 vs. angiotensin II alone), and 164 Ϯ 9% of vehicle, respectively (n ϭ 10, P Ͻ 0.001 vs. angiotensin II alone). Ramiprilat-induced increases in LV cyclic GMP (125 Ϯ 9%) were not significant (P ϭ 0.09, n ϭ 9) (Fig. 4A) . Basal cyclic GMP was not altered in diabetic hearts (n ϭ 10) (Fig. 4 inset) , but cyclic GMP responses to bradykinin, candoxatrilat, or ramiprilat were absent (n ϭ 9) (Fig. 4B) . BNP, by contrast, retained cyclic GMP-stimulatory effects in diabetic hearts (to 125 Ϯ 9%, n ϭ 9, P Ͻ 0.05 vs. diabetic vehicle, P ϭ 0.06 vs. angiotensin II alone).
DISCUSSION
The major finding in this study is that BNP exerts acute antihypertrophic actions in isolated hearts and that these effects were preserved following long-term diabetes. Protective effects of BNP, as well as those of ANP, CNP, and a cyclic GMP analog, were also retained in isolated cardiomyocytes cocultured with high-glucose-treated endothelial cells, where we previously reported bradykinin to fail (6) . Our findings are particularly important because the antihypertrophic and cyclic GMP stimulatory actions of bradykinin, as well as those of ACE or neutral endopeptidase inhibitors, failed in diabetic rat hearts.
BNP prevents cardiac remodeling in vivo (23) and may contribute to the regulation of cardiac growth, since disruption of natriuretic peptide NP A receptors (activated by both BNP and ANP) promotes cardiac hypertrophy (24) . In the present acute model of hypertrophy, BNP abolished angiotensin II-induced increases in LV protein synthesis and expression of ANP and ␤-MHC mRNA. This action was associated with significant stimulation of LV cyclic GMP, confirming findings in isolated cardiomyocytes (12) . In streptozotocin-induced diabetes, these acute effects of BNP were preserved, unlike those of bradykinin or ACE or neutral endopeptidase inhibition. The cyclic GMP-response to BNP was blunted in diabetic hearts, suggesting a potential downregulation of cardiac NP A receptors, as has been reported in the diabetic kidney (25) . However, the BNP-induced rise in cyclic GMP was clearly sufficient to counter the response to angiotensin II. Moreover, the antihypertrophic actions of natriuretic peptides in cardiomyocytes/endothelial cell cocultures were mimicked by a cyclic GMP analog. Thus, the natriuretic peptide BNP has a selective advantage in preventing angiotensin II-induced cardiac growth in diabetes, due to its ability to act directly on the myocyte, avoiding the dependence on the endothelium.
Endothelial NO function is often compromised in diabetes (26) . In this study, chronic diabetes attenuated the acute antihypertrophic and cyclic GMP-stimulatory actions of bradykinin and ramiprilat in isolated hearts. In control hearts, both bradykinin and the ACE inhibitor completely abolished angiotensin II-induced [ 3 H]phenylalanine incorporation and expression of ANP and ␤-MHC mRNA. These effects were accompanied by increased LV cyclic GMP, in accordance with our previous finding that stimulation of cardiomyocyte cyclic GMP via endothelial NO is essential for the antihypertrophic effects of bradykinin in vitro (3, 4) . Diabetes impairs this antihypertrophic mechanism and may also compromise the long-term benefits of ACE inhibition on heart size clinically (10) and in experimental animals (7) (8) (9) . Other investigators report no loss of antihypertrophic ACE inhibitor efficacy in diabetes (27) (28) (29) , but in those studies, the reduction in heart size was secondary to a lowering of blood pressure rather than to a direct antihypertrophic effect as described here. Moreover, in the present study, 8 weeks of streptozotocininduced diabetes per se increased a number of markers of cardiac hypertrophy, including LV protein synthesis and LV ANP and ␤-MHC mRNA expression. We speculate that the inability of angiotensin II to further stimulate ␤-MHC mRNA expression in these hearts suggests the induction of this isoform is maximally driven by the chronic diabetic state.
Our findings have identified BNP as a suitable antihypertrophic strategy, particularly in diabetic myocardium where bradykinin-dependent mechanisms fail. However, the therapeutic usefulness of the natriuretic peptides may be limited in vivo by low bioavailability and rapid clearance from the circulation (30) . Neutral endopeptidase contributes significantly to the hydrolysis of natriuretic peptides, and selective neutral endopeptidase inhibitors reduce cardiac remodelling and hypertrophy in vivo (15, 16) . We therefore investigated whether the neutral endopeptidase inhibitor candoxatrilat was an effective alternative to ACE inhibition in preventing acute hypertrophic responses in diabetic hearts. Candoxatrilat attenuated angiotensin II-stimulated [ 3 H]phenylalanine incorporation in control hearts and abolished the accompanying increases of ANP and ␤-MHC mRNA. These actions were accompanied by significant elevation of LV cyclic GMP, consistent with the association between the cardiac and vascular antihypertrophic effects of neutral endopeptidase inhibitors and increased urinary cyclic GMP in vivo (14) . Surprisingly, candoxatrilat exerted no net antihypertrophic or cyclic GMP stimulatory effect in hearts from streptozotocindiabetic rats. Neutral endopeptidase inhibition may also fail to reduce cardiac size in diabetic rats in vivo (7), unless secondary to a lowering of blood pressure (31) . However, the question remains as to why acute neutral endopeptidase inhibition, which potentiates the actions of endogenous natriuretic peptides, did not act like BNP in diabetic heart. Limitation of natriuretic peptide substrate is unlikely to be a factor, given that diabetes is associated with increased myocardial expression of BNP (32) . However, neutral endopeptidase also cleaves endothelin-1 (ET-1) (13), which is upregulated in the diabetic heart (33) . Concurrent inhibition of neutral endopeptidase-mediated ET-1 hydrolysis could oppose the benefits of augmented natriuretic peptide levels. Thus, infused ANP lowers systemic blood pressure in humans, while the neutral endopeptidase inhibitor candoxatril exerts a hypertensive effect (34) attributable to increased ET-1 activity (35) . Moreover, combined inhibition of neutral endopeptidase/ ACE or neutral endopeptidase/endothelin-converting enzyme lowers blood pressure more effectively than either inhibitor alone in diabetes with concomitant hypertension (31) , suggesting that dual inhibitors are a better therapeutic strategy particularly in diabetes. Alternatively, neutral endopeptidase (in addition to ACE) also metabolizes kinins in the heart (36) . Thus, the antihypertrophic effects of candoxatrilat could depend in part upon activation of the endothelium-dependent bradykinin/NO pathway, which would be consistent with the failure of candoxatrilat to stimulate cyclic GMP in diabetic hearts, where bradykinin pathways are impaired.
In conclusion, antihypertrophic and cyclic GMP stimulatory actions of BNP are preserved in diabetic rat hearts, unlike those of bradykinin, ramiprilat, or candoxatrilat. This supports the proposal that exogenous natriuretic peptide administration is an effective strategy to prevent cardiac growth in diabetes, where endothelium-dependent pathways are compromised. Recent reports indicate that exogenous ANP or BNP administration exerts acute hemodynamic benefits in patients with heart failure, despite elevated circulating natriuretic peptide levels (37, 38) . Whether the benefits of targeting the natriuretic peptide system are also evident in the longer term in vivo, particularly in patients resistant to conventional antihypertensive therapy including ACE inhibitors (39) has yet to be investigated. Diabetes attenuated the acute antihypertrophic effects of selective ACE and neutral endopeptidase inhibitors in isolated hearts, but the long-term antihypertensive and antihypertrophic effects of dual ACE/neutral endopeptidase inhibition are preserved in vivo (31) . Given that neutral endopeptidase may also modulate local levels of angiotensin II and ET-1, future therapeutic strategies are likely to include the recently described compounds that inhibit all three key metallopeptidases, neutral endopeptidase, ACE, and endothelin-converting enzyme (40) . These may be of particular benefit in diabetic patients, who often require multiple therapies to achieve adequate blood pressure control and thereby reduce cardiovascular risk.
